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Abstract. Soil moisture at the plot or hill-slope scale is
an important link between local vadose zone hydrology and
catchment hydrology. However, so far only a few methods
are on the way to close this gap between point measurements
and remote sensing. One new measurement methodology
that could determine integral soil moisture at this scale is
the aboveground sensing of cosmic-ray neutrons, more pre-
cisely of ground albedo neutrons. The present study per-
formed ground albedo neutron sensing (GANS) at an agri-
cultural ﬁeld in northern Germany. To test the method it
was accompanied by other soil moisture measurements for
a summer period with corn crops growing on the ﬁeld and a
later autumn-winter period without crops and a longer period
of snow cover. Additionally, meteorological data and above-
ground crop biomass were included in the evaluation. Hourly
values of ground albedo neutron sensing showed a high sta-
tistical variability. Six-hourly values corresponded well with
classical soil moisture measurements, after calibration based
on one reference dry period and three wet periods of a few
days each. Crop biomass seemed to inﬂuence the measure-
ments only to minor degree, opposed to snow cover which
has a more substantial impact on the measurements. The
latter could be quantitatively related to a newly introduced
ﬁeld neutron ratio estimated from neutron counting rates of
two energy ranges. Overall, our study outlines a procedure
to apply the ground albedo neutron sensing method based
on devices now commercially available, without the need for
accompanying numerical simulations and suited for longer
monitoring periods after initial calibration.
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1 Introduction
Soil moisture plays an important role in the hydrological cy-
cle. It inﬂuences climate and weather (Wu and Dickinson,
2004), and also determines surface runoff after precipita-
tion events and controls groundwater recharge. In addition,
soil moisture is a key factor for chemistry, biology, inﬁltra-
tion and matter transport processes in soil, e.g. it provides
the main storage of water available for vegetation (Robin-
son et al., 2008). Despite the importance of soil moisture,
its representative measurement is still a big challenge in hy-
drological research. Observation techniques of soil mois-
ture have improved at various scales. Measurements of soil
moisture at the point-scale (∼1dm3) have advanced signiﬁ-
cantly in the last decades for a wide range of sensors. These
are usually the basis for calculation of water storage and
its changes at the ﬁeld scale (up to 1km2). Point mea-
surements are scaled up to large areas applying geostatisti-
cal techniques (Western et al., 2002; Bogena et al., 2010).
However, inherent small-scale soil heterogeneities and non-
linearity of processes dominate spatial and temporal variabil-
ity of soil moisture and introduce sources of error that can
produce signiﬁcant misinterpretation of hydrological scenar-
ios and unrealistic predictions. At the basin scale (2500–
25000km2), remotesensingtechnology, bothactiveandpas-
sive, has demonstrated the potential to map and monitor sur-
face soil moisture changes over large areas at regular inter-
vals in time (Barrett et al., 2009). Satellites with L-band ra-
diometers, e.g. SMOS (Kerr et al., 2001), and the planned
SMAP mission (Entekhabi et al., 2010), or gravity change
detection, GRACE (Tapley et al., 2004), provide a space-
borne Earth observation with opportunities to estimate soil
water content at continental scale.
Although these techniques are promising, current mea-
surement capabilities still do not cover the crucial need of
hydrological observations corresponding to soil moisture in
the root zone at the scale of a ﬁeld, a small watershed scale
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or a hydrologic response unit. New measurement method-
ologies of soil moisture are investigated to obtain more infor-
mation on this intermediate scale, e.g. spatial TDR soil mois-
ture measurements (Graeff et al., 2010), ground penetrating
radar (GPR) measurements (Huisman et al., 2003), electri-
cal resistivity tomography (ERT) measurements (Garre et al.,
2011), or ground-based microwave radiometry (Schwank et
al., 2009). In practice, these techniques are limited to the es-
timation of soil moisture at the very surface, inﬂuenced by
soil chemistry, hindered by vegetation cover, and limited in
temporalorspatialcoverage. Ingeneral, thereareeitherinva-
sive methods that can detect also deeper soil moisture, but in
a point-like manner, or non-invasive or remote sensing meth-
ods with high spatial coverage but representing shallow soil
only. Ground penetrating radar can do a deeper assessment
non-invasively, but it is costly and only an indirect measure-
ment.
Recently two novel methods were introduced that poten-
tially can ﬁll the gap of soil moisture measurements at the
ﬁeld scale: (i) the cosmic-ray neutron sensing method (Zreda
et al., 2008), preferably called ground albedo neutron sens-
ing (GANS), and (ii) measuring water storage changes by a
high-precision gravimeter (Creutzfeldt et al., 2010). While
both are non-invasive and detect water storage changes in
a similar integration area, called footprint or support scale,
the gravimeter is less mobile and its measurement includes
also water stored in shallow groundwater (Christiansen et
al., 2011; Leiri˜ ao et al., 2009); and thus an estimation of
soil moisture itself is more complicated. We will focus here
on the ground albedo neutron sensing method, which counts
background neutrons generated in land surface materials by
secondary cosmic rays, following a terminology according to
Kodama(1980)andKodamaetal.(1985)insteadofthename
“cosmic-ray (neutron) sensing” used by Zreda et al. (2008).
In earlier studies, Kodama (1984) described the possible
applications of measuring cosmic radiation for estimations
of snow water equivalent and also soil moisture by below-
ground measurements (Kodama et al., 1985). At the labora-
tory scale, Oswald et al. (2008) and Tumlinson et al. (2008)
presented an imaging technique (2-D and 3-D) based on a
beam of low energy neutrons to investigate water redistribu-
tion and plant water uptake of a single plant in detail. Re-
cently, using neutron transport simulations and ﬁeld mea-
surements, Zredaetal.(2008)andDesiletsetal.(2010)intro-
duced a new methodology of soil moisture measurements via
counting natural aboveground fast neutrons, generated pri-
marilybyinteractionsofsecondarycosmic-rayneutronswith
terrestrial and atmospheric nuclei. These neutron intensities
are inversely correlated with soil moisture over an integra-
tion area, called footprint, with diameter of ca. 600m (at sea
level). The penetration depth of the measurement of ground
albedo neutrons, taken as the depth up to which 86% (i.e.
all but two e-folds) of the counted neutrons originate, ranges
up to few decimetres. The method is based on the crucial
role of hydrogen as neutron moderator due to its scattering
cross-section of ca. 20 barns (Horsley, 1966) compared to
others elements present in parents rocks (e.g. 2.167 barns for
Si, see Table 1) (Sears, 1992).
Neutrons at the air/ground interface are moderated by any
chemical and physical form of hydrogen 1H in or above soil
surface, e.g. soil moisture, snow, intercepted water, biomass,
and carbohydrates. Therefore, there is still an open question
if the non-invasive ground albedo neutron sensing method is
suitable to quantify water stored in different reservoirs at the
ﬁeld scale.
In this manuscript, we present a study of aboveground
albedo neutrons for the estimation of soil moisture at an agri-
cultural site in northern Germany. We quantiﬁed the relative
inﬂuence of crop biomass during summer and investigated
the impact of snow during winter. This study has been de-
signed to
– extend the ﬁrst applications of the GANS methodology,
there called cosmic-ray (neutron) sensing, to a different
geographical context,
– monitor ground albedo neutrons under two different
vegetative situations (cropped ﬁeld and bare soil) and
different seasonal conditions (summer and winter),
– measure temporal variability of soil moisture at the
ground/air interface and to evaluate the effective re-
sponse of the ground albedo neutron method to hydro-
logical events.
2 Materials and methods
2.1 Basis of the GANS method to detect soil moisture
Primary cosmic rays that hit the Earth consist mostly of
charged protons. Partly these primary cosmic rays are de-
ﬂected before the top atmosphere by Earth’s magnetic ﬁeld.
Because of the spatial variability of Earth’s magnetic ﬁeld,
e.g. with latitude, the intensity of high-energy cosmic rays
varies in space. The incoming cosmic-ray intensity also
varies with the solar activity (Parker, 1965). However, this
variability will be neglected here because it is mainly a
longer term modulation and is usually of the order of 1%
or less in amplitude (Kodama et al., 1985).
In the atmosphere, incoming protons generate a cascade
of secondary cosmic rays as product of their collision with
atmospheric nuclei (Lal and Peters, 1967). The intensity of
this secondary cascade is related to how much air mass was
encountered during the transit through the overlying atmo-
sphere. Therefore, variations of air pressure affect the inten-
sity of secondary cosmic ray ﬂuxes at the near-surface atmo-
sphere.
Once the secondary cascades of cosmic rays arrive at the
ground level, these collide with the land surface, where lower
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Table 1. Nuclear properties of major rock constituents: atomic
number (Z), atomic weight (A) in grams, total scattering cross
section (σS), absorption cross section (σa) for 2200ms−1 neu-
trons (20◦C), average number of collisions (NC) required to
reduce a neutron’s energy from 2MeV to 0.025eV by elas-
tic scattering, average logarithmic energy decrement per colli-
sion (ξ), and neutron stopping power (SP). Cross sections units
in barn (1 barn=10−24 cm2) and values were extracted from
Sears (1992). Calculations are based on equations presented in Ri-
nard et al. (2009) and Krane (1988)∗.
Element Z A σS σa NC ξ SP
H 1 1.00794 22.02∗∗ 0.3326 26 1.000 22.020
B 5 10.811 5.24 767 108 0.174 0.913
C 6 12.0107 5.551 0.0035 119 0.158 0.876
N 7 14.0067 11.51 1.9 137 0.136 1.569
O 8 15.9994 4.232 0.00019 155 0.120 0.508
Na 11 22.98987 3.28 0.53 219 0.085 0.277
Mg 12 24.305 3.71 0.063 230 0.080 0.297
Al 13 26.98154 1.503 0.231 255 0.072 0.109
Si 14 28.0855 2.167 0.171 265 0.070 0.151
Cl 17 35.453 16.8 33.5 332 0.055 0.930
K 19 39.0983 1.96 2.1 365 0.050 0.099
Ca 20 40.078 2.83 0.43 374 0.049 0.139
Mn 25 54.938 2.15 13.3 509 0.036 0.077
Fe 26 55.845 11.62 2.56 517 0.035 0.411
Ag 47 107.8682 4.99 63.3 991 0.018 0.092
∗ Information for other materials is presented in the auxiliary material mentioned in
Zreda et al. (2008) and available at: ftp://ftp.agu.org/apend/gl/2008gl035655/.
∗∗ See Horsley (1966) for values in different energies.
energy neutrons are created as product of these new interac-
tions between secondary cosmic rays and land surface mate-
rials (soil, snow, plant canopies, etc.). Cosmic-ray neutrons
in the intermediate energy level (1–2MeV), fast neutrons
(Hess et al., 1961), penetrate the soil. They are scattered
and randomly distributed below- and above-ground losing
kinetic energy in the course of several successive collisions
with nuclei in the soil, land surface cover and near-surface
atmosphere, while some are absorbed at some stage.
Hydrogen plays an important role on the moderation of
neutrons. For example, a fast neutron requires only 26 col-
lisions with hydrogen nuclei to decrease its energy from
2MeV (fast level) to 0.025eV (thermal level), compared to
other common elements such as C (119 collisions), O (155
collisions), N (137 collisions), Al (255 collisions), Si (265
collisions), etc. (Table 1). In conclusion, hydrogen in wa-
ter molecules is the key factor to moderate these neutrons
and thus the intensity of neutrons above the ground surface
strongly depends on the water mass present in soil. This al-
lows a non-invasive indirect measurement of soil moisture.
2.2 Quantitative soil moisture estimation by ground
albedo neutron measurements
Ground albedo neutrons can be detected by special counters.
They count events resulting from neutrons passing the de-
tector during a preset integration period. Based on neutron
transport modeling studies an equation was derived by De-
silets et al. (2010, Appendix A, A1) that could be used to
relate albedo neutron ﬂux and soil moisture, as follows be-
low. However, we specify here also the approach to normal-
ize and correct the neutron counting rates, with the aim to
ease the practical application of the method.
θ =

ao
(NR−a1)
−a2

·ρb/ρwat (1)
where θ is the volumetric areal mean soil moisture [m3 m−3],
NR is the normalized and pressure-corrected neutron count-
ing rate [–] (speciﬁed in Eq. 3), ρb is the mean bulk density
[kgm−3], ρwat is water density [kgm−3], and ai are ﬁtting
parameters [–].
The intensity of secondary cosmic rays reaching the land
surface ﬂuctuates with changes in the mass density of the at-
mosphere, i.e. actually atmospheric pressure. Thus, neutron
counting rates can be corrected by accounting for ﬂuctua-
tions of atmospheric pressure as follows (e.g. Bachelet et al.,
1965):
N =Nraw·exp[β(P −Pmean)] (2)
where Nraw is the value of ground albedo neutrons observed
in a moderated counter and measured in a ﬁxed time pe-
riod, β is the atmospheric attenuation coefﬁcient for ground
albedo neutrons [mbar−1], P is the local pressure corre-
sponding to the period when Nraw was observed and Pmean
is the long-term mean local pressure [mbar].
The integration period of ground albedo neutrons depends
on the desired accuracy of soil moisture measurements.
Events of neutron counting rates follow a Poisson distribu-
tion, which suggests that the standard deviation of neutrons
counted in a ﬁxed interval is equal to the square root of the
total counts. The accuracy also depends on both detection
efﬁciency and effective volume of the detector (Kodama et
al., 1985). The range of neutron counting rates depends on
several variables (e.g. site altitude, ﬂuctuation of incoming
protons due to solar activity changes, and other types of mod-
eration such as biomass or open water bodies nearby), where
site altitude usually is the predominant one. Neutron count-
ing rates are substantially lower in altitudes at sea level than
at mountain altitudes; therefore, GANS measurements of soil
moisture at lower altitudes require longer integration periods
of neutron counts.
Based on Eq. (2), the normalized and pressure-corrected
neutron counting rate (NR) is deﬁned as
NR =
Nraw·exp[β(P −Pmean)]
Ndry raw·exp

β
 
Pdry−Pmean
 =
Nraw
Ndry raw
·exp

β
 
P −Pdry

(3)
where Ndry raw is the number of ground albedo neutrons ob-
served in a moderated counter and measured under dry soil
conditions and Pdry is the local pressure corresponding to the
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dry condition when Ndry raw was observed. The attenuation
coefﬁcient (β) for neutron ﬂuctuations induced by local air
pressurewascalculatedfromhistoricaldataofgroundalbedo
neutrons and air pressure from the most proximal station of
the worldwide network of standardized neutron monitors in
Kiel, Germany, located at 54.34◦ N, 10.12◦ E and 54ma.s.l.
(see more below).
The dry condition state chosen to normalize the neutron
counting rates have an inﬂuence on the parameter values in
Eq. (1). It can be shown, that using a different dry con-
dition state and accordingly a different neutron count rate
(N0
dry raw =α Ndry raw; P0
dry =γ Pdry) leads to a conversion of
parameters a0 and a1 , i.e. they have only to be divided by a
constant factor α·eβ·Pdry·(γ−1), leaving the calibration curve
Eq. (1) otherwise unchanged (see Appendix). This implies
that using a different dry condition state for normalization,
e.g. a drier state observed later, will not change the derived
values of soil moisture θ, if converted values of a0 and a1 are
used in the equation.
The second type of corrections of neutron counting rates
in the air/ground interface is due to variations of high en-
ergy primary cosmic rays. Existing databases of neutron
monitoring worldwide stations observe spatial variations and
temporal ﬂuctuations of incoming cosmic rays. The four
mostproximalstationsKIEL(Kiel, Germany), LMKS(Lom-
nicky stit, Slovakia), JUNG (Jungfraujoch, Switzerland) and
ROME (Rome, Italy) were selected to obtain hourly changes
of neutron counting rates exclusively due to ﬂuctuations of
incoming high energy cosmic rays. Time series of hourly
ground albedo neutron counts were normalized to the maxi-
mum value observed in each station during the selected pe-
riod. Normalized neutron ﬂuxes in all these stations were
quite similar despite different detection sensitivities, e.g. dif-
ferent neutron detectors (18-NM64 in KIEL, 8-SNM15 in
LMKS, 18-IGY in JUNG and 20-NM64 in ROME). Our
analysis showed that incoming cosmic rays did not substan-
tially vary during our observation period. For example, mean
value and standard deviation were 174.3 and 1.5 counts per
second at KIEL station, respectively. This standard devia-
tion is far less than the variability, between maximum and
minimum periods of solar activity, of 40 counts per second,
reported from this station during the last decades. Therefore,
we assumed that a correction of neutron counting rates for
the variations of incoming primary cosmic rays is not neces-
sary, at least for our observations.
2.3 Horizontal and vertical coverage of the
GANS method
Horizontal spatial coverage of the cosmic-ray neutron sens-
ing method or GANS method can be deﬁned as the region
within which 86% of the counted albedo neutrons are origi-
nated (Zreda et al., 2008). Since ground albedo neutrons de-
pend on atmospheric pressure, also the footprint is inversely
proportional to atmospheric pressure. Probability of neutron
collisions with nuclei in air is signiﬁcantly less than in soil
because of its lower water content (speciﬁcally H) compared
to soil. This probability is expressed on the basis of length
(macroscopic cross-section, 6 =Nσ [m−1]) and is a function
oftheatomdensity(N)andenergy-dependentelementcross-
section (σ). Therefore, the neutron counting rate above the
ground surface is a measure of intensity in soil (Shuttleworth
et al., 2010). By means of simulations, Zreda et al. (2008)
suggested to adopt a 600m diameter footprint at sea level,
rather independent of soil moisture level.
The depth of measurement of the GANS method depends
mostly on soil moisture, because the probability of neutron
scattering and absorption events depends on the number of
hydrogen molecules. Hydrogen has a higher scattering cross-
section compared to common elements in rocks. Numerical
simulations by the Monte Carlo Neutron Particle (MCNP)
transport code (Briesmeister, 1997) suggest in silica matrix
a vertical coverage by albedo neutrons counted aboveground
ranging from about 0.8m in dry soils to 0.1m in wet soils
(Zreda et al., 2008). A very descriptive feature of the trans-
mission of ground albedo neutrons produced by secondary
cosmic rays through the soil porous media is the mean-free
path length, λm [m], given as follows:
λm =
1
6t
=
1
θ(6)water+(1−n)(6)soil+(n−θ)(6)air
(4)
where 6t is the total material cross-section [m−1], θ is volu-
metric soil moisture [m3 m−3], n is soil porosity [–], and 6i
is the macroscopic cross-section of material i (water, soil or
air) as described above [m−1]. Equation (5) is derived from
Eqs. (12–8) in Rinard et al. (2009) assuming a volumetric
mixture of water, soil and air in the porous media. The mean-
free path length is an indicator of the soil depth from which
ground albedo neutrons can be detected assuming homoge-
neous soil chemical characteristics under variable-saturation
conditions (neutron moderation by air in void volume). It
depends not only on the type of material but also on the en-
ergy of the neutron penetrating the medium, because their
total macroscopic cross-section changes with neutron energy
(Horsley, 1966).
However, if only ground albedo neutrons (from epither-
mal to fast level) are counted aboveground, the mean-free
path length depends only weakly on the chemical composi-
tion of the soil, as shown by Zreda et al. (2008). Therefore,
a count of ground albedo neutrons in this energy range will
predominantly depend on soil moisture. And worth mention-
ing, the neutrons detected in the sensor come from a broad
range of angles, including almost horizontal ones. However,
this deﬂected angle after collision does not strongly affect
the counting probability, because mean-free path length in
air is typically in the order of tens of meters. This is also
the reason why the height of a neutron counter above ground
surface is not sensitively inﬂuencing counting rates as long
as it is not shielded by surface structures and is lower than
the mean-free path length in air.
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2.4 Experimental site
The non-invasive GANS method for estimation of soil mois-
ture was tested in a 30ha agricultural ﬁeld in Bornim (Bran-
denburg, Germany). The test site is located close to Potsdam,
and 30km west of Berlin (Fig. 1). The landscape at the site
was formed during the last ice age. Soil consists in the upper
one meter of 75% sand, 17.2% silt and 7.8% clay (Gebbers
et al., 2009). Texture analysis was done for a number of near-
surface samples, and a loamy sand type is predominant in all
19 selected sampling locations (Fig. 1). Percentages of sand
(between 77.8 and 86.2%), silt (between 8 and 14.8%) and
clay (between 4.8 and 9.4%) always indicated this soil clas-
siﬁcation, in agreement with the previous work in the area
nearby (Gebbers et al., 2009).
The period of highest precipitation in Potsdam usually is
between May and August, but varying between the years.
Total annual precipitation ranged between 374.6mm (1976)
and 825.9mm (2007), based on the long term meteorologi-
cal record of the period 1893–2010 (Meteorological Station
Potsdam Telegrafenberg – Germany). Averaged in this pe-
riod, the mean monthly relative humidity seasonally varies
between 67.6% (May) and 89.3% (December). Analo-
gously, the monthly averaged daily mean air temperature
were recorded as −1 ◦C (January) to 18 ◦C (July) in this pe-
riod.
The monitoring period started on 27 August 2010 when
the ﬁeld was cropped with corn (Zea Mays). The monitoring
continued until corn was harvested on 14 September 2010.
A second monitoring period started on 26 November 2010
in a condition of bare soil and continued until the end of
March 2011. Thus, the ﬁrst period covered a part of late sum-
mer and the second period covered the transition from late
autumn to the beginning of spring. Weather data was pro-
vided from the nearby station of Leibniz Institute for Agri-
cultural Engineering Potsdam-Bornim (ATB) located about
1km from the ﬁeld site. Snow fall data were taken from
the Meteorological Station Potsdam Telegrafenberg located
about 6km to the east.
2.5 Biomass and the GANS method
The role of biomass on estimations of soil moisture by means
of the GANS method is still under debate. The presence
aboveground biomass could affect the ground albedo neu-
trons in two ways: (1) the biomass produces moderating ef-
fects on incoming cosmic rays and on ground albedo neu-
trons before they reach the detector, mainly by its water con-
tent, and (2) scattering and absorption properties of other
biomass constituents (e.g. carbohydrates) also reduce neu-
tron ﬂuxes at the ground/air interface. It can be expected
that vegetation with lower biomass will have a less impor-
tant inﬂuence on incoming cosmic rays and albedo neutrons
emanating from soil.
In order to understand the inﬂuence of biomass on the
GANS method, spatial and temporal variability of corn was
monitored. Two ﬁeld campaigns (19 August 2010 and
6 September 2010) were performed to measure the crop
height for a total of 96 points according to the sampling grid
showninFig.1. Moreoverfourareasof1m2 withfourdiffer-
ent mean crop heights, covering the full range of heights ob-
served previously were selected for biomass measurements.
Biomass samples were subsequently dried in the oven. Crop
height, wet biomass and dry biomass measurements were
used to establish an empirical relationship between biomass
water in corn and crop height.
2.6 Ground Albedo Neutron Sensing (GANS)
Attheexperimentalﬁeldsite, two“types”ofcosmic-rayneu-
tron sensors (CRS-1000, Hydroinnova, Albuquerque, USA)
were installed. These devices only recently became avail-
able commercially. One probe contained two proportional
counters, one counter surrounded by a low-density polyethy-
lene and a second, bare counter (Fig. 2a). The second CRS-
1000 had a moderated proportional counter only. Moderated
counters monitor epithermal to fast neutrons, whereas the
bare counter measures neutrons predominantly in the ther-
mal energy range. All these neutron detectors applied at
the ﬁeld site are proportional counters ﬁlled with He-3 gas
(2atm pressure). Neutron detector tubes interface directly to
aNeutronPulseModule, NPM,(Q-NPM-2000-HV,Quaestra
Instruments LLC, Tucson, AZ) with integrated 2000V high
voltage supply and Multi-Channel Analyzer (MCA).
The sensors were mounted on a pole in the middle of the
ﬁeld (52.431◦ N, 13.021◦ E, WGS84, 84ma.s.l.) at a height
of 1.5m aboveground surface in order to collect ground
albedo neutrons from a footprint (Fig. 1), ca. 600mdiameter,
as speciﬁed by Desilets et al. (2010). The two CRS-1000
were placed 6m apart, thus purposely with a large overlap in
their footprint (Fig. 2b). Neutron pulse counting modules of
the CRS-1000 were set-up to record counts every 20min; in
data processing, neutron counts were integrated in one-hour
time intervals.
2.7 Soil moisture network and ﬁeld campaigns
In parallel to measurements of ground albedo neutrons, soil
moisture data at point-scale was monitored by using clas-
sical techniques. A soil moisture network consisting of 16
Theta probes MR2 (Delta-T Devices Ltd., Cambridge, UK)
with data loggers was installed at the experimental site. The
probesmeasurethesoilmoisturebasedontheFrequencyDo-
main Reﬂectometry (FDR) approach. Sampling design in the
ﬁrst monitoring period used 16MR2s on the surface level
spaced as shown in Fig. 1. Some of the MR2s were damaged
during this period by animals or intruding water. The second
monitoring period used only ﬁve locations in the experimen-
tal ﬁeld: point 8 (center), point 9 (north), point 7 (south),
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Figure 1. Location of experimental site and its hydrological instrumentation.  2 
Fig. 1. Location of experimental site and its hydrological instrumentation.
point 4 (west) and point 12 (east) as shown in Fig. 1. Each
location in the second period had three different depths for
MR2 probes (surface representing 5cm, 20cm and 40cm).
Calibration of classical soil moisture devices was carried
out collecting undisturbed soil samples during the different
seasons (Table 2). Soil samples, 100cm3 soil cores (UGT,
Muencheberg, Germany), were used for gravimetrical esti-
mation of soil moisture and bulk density. Also, soil texture
was measured by means of the hydrometer method (Bever-
wijk, 1967), and classiﬁed by the United Stated Department
of Agriculture (USDA) classiﬁcation.
2.8 Calibration of CRS-1000
In literature, the calibration technique for CRS-1000 is only
done by modeling neutron transport. Zreda et al. (2008)
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C
Fig. 2. Ground albedo neutron sensors (CRS-1000) under differ-
ent ﬁeld conditions in Bornim: (a) two-counters CRS-1000 and its
parts in cropped corn ﬁeld, (b) picture of two CRS-1000s in bare
ﬁeld condition, (c) picture of CRS-1000 at the beginning of snow
cover condition, and (d) picture of CRS-1000, rain gauge and Theta
Probes (MR2) during a day with maximum snow cover.
Table 2. Description of soil sampling campaigns at experimental
site.
Date No. of
Mean soil Standard
Campaign
[dd/mm/yy]
Season
samples
moisture deviation
[m3 m−3] [m3 m−3]
1 03/08/10 Summer 18 0.169 0.028
2 11/08/10 Summer 18 0.066 0.015
3 16/08/10 Summer 19 0.198 0.029
4 06/09/10 Summer 19 0.132 0.052
5 11/02/11 Winter 5 0.238 0.014
and Desilets et al. (2010) evaluated the ﬁtting parameters
of Eq. (1) by means of simulating the relative neutron ﬂux
for a given volumetric soil moisture under simpliﬁed condi-
tions in via the code Monte Carlo N-Particle Extended (MC-
NPX). Subsequently, an equation such as Eq. (1) was ad-
justed to match ﬁeld soil moisture values (two points in time)
by translating the curve until a least-squares ﬁt was achieved.
This calibration approach requires neutron modeling. Fur-
thermore, these simulations currently are restricted to simple
geometries.
To overcome these limitations we suggest a modiﬁed pro-
cedure to ease the practical application of the methodology
withouttheneedofmodelingneutronscattering, andrequest-
ing intensive, but viable monitoring activities. In the par-
ticular approach implemented in this study we performed a
calibration of CRS-1000 devices based on continuous data
from a classical soil moisture network (see Sect. 2.7). Firstly,
ground albedo neutron counting rates measured in the mod-
erated counter (Nraw) were normalized to a counting rate
observed during dry conditions (Ndry raw). This neutron
counting rate under dry conditions was taken from a pe-
riod when lowest soil moisture values were measured in the
MR2s. Classical soil moisture data here was only used to
identify the drier period, but these data were not applied in
the calibration procedure itself.
An important point of this calibration is that the penetra-
tion depth of the GANS method is variable depending on
mean soil moisture values in the footprint. On the other hand,
this penetration is relatively well known for wet conditions,
and then the penetration depth, or vertical footprint, is about
10cm. Because of this, our calibration approach used spa-
tially averaged surface soil moisture values from MR2s at 16
locations inside the footprint (Fig. 1), taken during periods
when vertical penetration depth of CRS-1000 is comparable
to the vertical coverage of surface MR2 devices. With this
dataset a good calibration was achieved, as described in the
followingsections. However, anassessmentoftheactualver-
tical coverage of a CRS-1000 is an important topic that needs
to be investigated further.
Since Eq. (1) presents three unknown ﬁtting parameters,
three short periods of soil moisture data were selected from
the ﬁrst monitoring period in order to calibrate the CRS-
1000 devices. These periods are chosen to cover a range
of medium moist and the close-to-saturation conditions. A
single set of calibration parameters using these periods was
estimated by minimizing the root mean square error (RMSE)
between MR2 and CRS-1000 data deﬁned as follows:
RMSE=
v u u
u u
t
i=np P
i=1
 
θGANS,i −θMR2,i
2
np
(5)
where θGANS,i is the areal mean soil moisture inferred via the
GANS method [m3 m−3], θMR2,i is the hourly value of soil
moisture (mean value from 16 locations) [m3 m−3], each at
data point i of a time series, and np is the number of data
points considered in the calibration data. Subsequently, the
soil moisture determined using the set of calibrated param-
eters was applied for the whole summer observation period
and another period after harvest in winter.
The datasets used to estimate RMSE included hourly soil
moisture data. Soil moistures values derived by GANS in
Eq. (5) were estimated by using six-hours moving average of
neutron counting rates. Either a moving average or longer
integration periods of neutron data is required to achieve the
desired accuracy of soil moisture measurements, because at
a low altitude site such as Bornim, counting rates are notably
smallerthanathigheraltitudes, e.g.previousstudiesofZreda
et al. (2008) and Desilets et al. (2010).
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3 Results and discussion
3.1 Ground albedo neutrons under different ﬁeld
conditions
Different scenarios observed at the ﬁeld site showed a ﬁrst
opportunity to distinguish the inﬂuence of different sources
of water (biomass water, soil moisture and snow pack) on
the ground albedo neutron ﬂux. In Table 3, we summarize
ranges of neutron counting rates observed for three types
of ﬁeld conditions. Although, periods when the ﬁeld was
cropped or bare did not show signiﬁcant difference in neu-
tron counting rates, we found it useful to plot counting rates
of ground albedo neutrons in different energy levels. Here,
we introduce the Field Neutron Ratio (Nf) that could be an
useful information to identify different ﬁeld conditions from
ground albedo neutron data alone, and probably also water in
different environmental reservoirs, as follows:
Nf =
CB
CM−CB
(6)
where CB and CM are the ground albedo neutron counts per
hour observed in the bare and in the moderated counter, re-
spectively. Evaluation of Nf values for cropped ﬁeld, for bare
soil and for snow cover is shown in Fig. 3. This plot presents
slightly different properties than usual in neutron physics,
since CRS-1000 devices do not give exact energy informa-
tion about neutrons recorded in the detector. This is the rea-
son why we deﬁned Nf using rates recorded in “bare” and
“moderated” counters, which is more practicable. A similar
approach was presented in the so-called “Cd-difference” by
Kodama et al. (1985).
The ratio Nf ranged between 1.21 and 2.38 for cropped-
ﬁeld and between 1.24 and 2.34 for bare-ﬁeld conditions. In
both scenarios, Nf follows well a similar power law relation.
Though Nf is slightly higher for cropped than bare ﬁeld, the
result overall corroborated that there was no signiﬁcant dif-
ference between bare and cropped conditions.
One important issue in the ongoing-development of the
GANS method is to quantify the inﬂuence of biomass.
Therefore, direct measurements of plant biomass were car-
ried out in this study. We determined an empirical relation-
ship between wet and dry corn biomass per m2 and mean
corn height (r2 =0.98, data not shown). Biomass water
and dry biomass in the CRS-1000 footprint were evaluated
by measuring crop height at a number of locations. Two
ﬁeld campaigns (cf. Sect. 2.5) showed that height of corn
(Zea Mays) strongly varied, showing values between 50 and
190cm with a mean of 143cm. These campaigns took place
only a few weeks before harvest. Thus, the biomass and es-
pecially biomass water may have not increased further, or
even declined, because maize tends to dry at the end of sum-
mer. Very sandy locations showed reduced crop height. In
the center and east, for example, soil had a higher silt and
clay content and supported better crop growth. Assuming
Fig. 3. Neutron counts in different ﬁeld conditions. In the vertical
axis, Nf is a ﬁeld neutron ratio, here deﬁned as ratio of bare counts
per hour (B) over difference of moderated counts per hour (A) and
bare counts per hour (B). In the horizontal axis, difference of mod-
erated counts minus bare counts per hour.
the maximum crop height for everywhere in the footprint,
biomass water was at most 100Mgha−1. In comparison to
soil moisture, this estimation constitutes only 14.95% of the
water mass for a 0.45m soil column (mean CRS-1000 pen-
etration) with mean soil moisture of 0.15m3 m−3. This can
be taken as a maximum estimate. We infer that a corn crop,
in terms of biomass and biomass water, as a moderator of
ground albedo neutrons, is of substantially less inﬂuence on
neutron counting rates than soil moisture. This impact on
neutron counting rates may be higher only for even drier con-
ditions, e.g. θ <0.05m3 m−3, or higher biomass cover than
our maximum estimate for corn. However, these are quite
unlikely conditions, more in combination, and therefore, we
hypothesize that this assumption is true for cropped ﬁelds in
general. This behavior can be expected to be different for
other types of vegetation, especially forest.
During winter there was an early and relatively long pe-
riod with a snow cover, starting on 2 December 2010 with
8cm. Snow water equivalent was measured as 19±3mm,
23±4mm and 36±8mm on 23 December 2010, 3 Jan-
uary 2011 and 7 January 2011, respectively based on four
samples each day taken in the proximity of CRS-1000. Eval-
uating a ﬁve weeks period with continuous presence of snow
cover (until 9 January 2011), neutron counting rates were
slightly less than observed under bare ﬁeld and cropped-ﬁeld
conditions (Table 3). Moreover, periods with and without
snow cover could be distinguished by Nf (Fig. 3). Values of
Nf were clearly shifted to larger values if a snow cover was
present. Values of Nf between 1.24 and 5.93 corresponded to
the snow-covered period.
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Table 3. Range of neutron counting rates observed in different ﬁeld conditions.
Condition
Period∗ Moderated counter Bare counter
[dd/mm/yy]
[neutrons per hour] [neutrons per hour]
Range Mean St. Dev. Range Mean St. Dev.
Cropped soil 27/08/10 until 14/09/10 790–1067 918 52 500–659 573 32
Bare soil (without snow) 26/11/10 until 01/12/10 802–1045 900 43 489–650 557 30
10/01/11 until 25/03/11 687–1060 838 79 398–649 500 45
Bare soil (with snow cover) 02/12/10 until 09/01/11 521–930 730 85 387–621 519 48
∗ Short gaps due to battery failure.
Neutrons are slowed down and absorbed efﬁciently in wa-
ter. Therefore, numbers of ground albedo neutrons detected
aboveground are substantially different when a snow layer
is present. This explains why neutron counting rates ob-
served during winter differ between periods with or without
a snow layer. Kodama et al. (1979) reported that the atten-
uation character of neutrons in snow cover is inﬂuenced by
the so-called boundary effect of air-snow-soil layers. Dur-
ing the initial phase of snow accumulation (∼30cm water
depth) there is a steep decrease of neutron counting rates due
to air-water boundary low energy neutrons (as observed in
a bare counter). But Kodama et al. (1979) observed also
that this behavior disappeared when neutrons of higher en-
ergy (e.g. those observed in a moderated counter) were mea-
sured. Based on observations at our ﬁeld site, we also can
conclude that snow cover plays a substantial role on modera-
tion of neutrons, and shifts counting rates to higher Nf values
more strongly than both biomass and soil moisture (Fig. 3).
3.2 Calibration for soil moisture estimations
3.2.1 Classical monitoring network
Due to the relative homogeneous classiﬁcation of the soil
type in the ﬁeld (cf. Sect. 2.4), the same calibration function
for all MR2 probes could be used. A standard calibration
function for mineral soil type provided by MR2 was tested
against soil samples (Fig. 4). Gravimetric soil moisture was
converted to volumetric soil moisture by multiplying bulk
density estimated from undisturbed soil cores. The mean
value of bulk density was 1.40gcm−3 with a standard de-
viation of 0.12gcm−3. Soil moisture estimated from undis-
turbed soil cores varied between 0.049 and 0.233m3 m−3
with a mean value of 0.14m3 m−3. The MR2 measurements
gave values between 0.106 and 0.283m3 m−3 with a mean
value of 0.16m3 m−3. The coefﬁcient of correlation and
RMSE between MR2 data and ﬁeld measurements of soil
moisture (soil cores) were 0.84 and 0.034m3 m−3, respec-
tively. A speciﬁc calibration for each MR2 could be eval-
uated for further research focused on the assessment of the
spatial variability inside the footprint. However, considering
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Figure 4. Calibration of Theta Probes (MR2): observed soil moisture from soil cores and  2 
soil moisture measured by MR2s.  3 
Fig. 4. Calibration of Theta Probes (MR2): observed soil moisture
from soil cores and soil moisture measured by MR2s.
the aim of this study and the relatively few number of sam-
ples at each location, the standard calibration function for
mineral soil type was considered to give a sufﬁcient repre-
sentation and thus was used for all MR2.
3.2.2 Ground albedo neutron sensor CRS-1000
Ground albedo neutrons observed in the two different probes
had a similar response during the entire two monitoring pe-
riods. Neutrons monitored in the two moderated counters of
the CRS-1000s showed a correlation coefﬁcient of 0.81 for
one-hour integration periods (Fig. 5a). For an integration pe-
riod of six hours, and thus a lower statistical variability of
counts, the correlation between the two moderated counters
increased to 0.97 (data not shown). This demonstrates that
the counters functioned in the same way and also that the
distance of 6m between probes did not lead to signiﬁcant
differences.
Neutron rates were indeed inversely correlated to local
atmospheric pressure as expected (Fig. 5b). After local
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Figure 5. Ground albedo neutrons in moderated counter under cropped field conditions:  2 
(Left) Correlation of ground albedo neutron counting rates per hour between two CRS- 3 
1000  sensors,  and  (right)  Temporal  variability  of  uncorrected  ground  albedo  neutron  4 
counting rates per hour and local atmospheric pressure.  5 
Fig. 5. Ground albedo neutrons in moderated counter under cropped ﬁeld conditions: (left) correlation of ground albedo neutron counting
rates per hour between two CRS-1000 sensors, and (right) temporal variability of uncorrected ground albedo neutron counting rates per hour
and local atmospheric pressure.
correction of neutron counting rates due to ﬂuctuations of
atmospheric pressure (between 1000.10 and 1026.96mbar),
ground albedo neutrons ranged between 781 and 1103counts
per hour. The maximum value of ground albedo neutrons per
hour (1067), which coincided with a period of no precipita-
tion events and minimum soil moisture value, was used as
Ndry raw for normalizing neutron counts of Eq. (3).
In order to relate neutron counting rates with soil moisture
according to Eq. (1), three datasets representing soil mois-
ture values shortly after rain events with maximum cumu-
lative values (16.7, 8.2 and 4.9mm) were selected as cali-
bration data. These soil moisture measurements come from
three separate time periods of about a day only each, and are
jointly used for a single ﬁt of calibration parameters. They
were chosen to cover a range of medium soil moisture val-
ues, but avoiding situations where the top part of the soil had
dried out while the lower part may still be much moister. The
latter is to ensure that the local soil moisture measurements
represent a similar soil moisture state than the CRS-1000 sig-
nal. No weighting of the local soil moisture measurements
was applied (cf. Eq. 5), though shallower and horizontally
closer locations contribute more to the neutron counts in the
CRS-1000 than deeper and more distant locations in the foot-
print. The spatial coverage in the vertical and horizontal will
have to be investigated further to be able to deﬁne a suitable
weighting scheme, with the aim to improve the calibration of
a GANS probe and to better understand how neutron counts
represent soil moisture in the footprint. It can be expected
that such a weighting is required the less homogeneous the
footprint is in respect to soil texture, vegetation type and
aboveground biomass. At our cropped ﬁeld the conditions
were relatively homogeneous and thus a procedure without
spatial weighting of local soil moisture data seems appropri-
ate, opposed to, e.g. a forest site.
These datasets of 26h (between 29 August 2010 13:00LT
and 30 August 2010 14:00LT), 20h (between 4 Septem-
ber 2010 17:00LT and 5 September 2010 12:00LT) and
14h (between 13 September 2010 17:00LT and 14 Septem-
ber 2010 06:00LT) had soil moisture mean values of 0.261,
0.191 and 0.141m3 m−3, respectively (Figs. 6a and 7). By
calibration, a good ﬁt between the soil moisture MR2 data
and soil moisture measurements by the GANS method was
obtained with values of 0.465, 0.1125 and 0.49 for the ﬁtting
parameters a0, a1 and a2, respectively. These ﬁtting parame-
ters showed a small minimum RMSE of 0.019m3 m−3. This
value of RMSE is similar to the accuracy of CRS-1000 for
a six-hour integration period (0.013), which can be inferred
from the standard deviation of the mean neutron counting
rate (5504 counts in six hours). The coefﬁcient of corre-
lation between CRS-1000 soil moisture measurements and
the mean value of MR2 soil moisture observations was 0.98
(Fig. 6b).
The ﬁtting parameters presented in this study were derived
via the data from the three selected periods of the measured
soil moisture time series. In these periods values of NR
ranged between 0.784 and 0.906. This normalization was
based on the reference Ndry raw used to calculate NR. This
reference value to represent dry conditions was taken from
another period, identiﬁed by soil moisture measurements in
the ﬁeld.
The applicability of the calibration function is not limited
to the values occurring in the three selected periods used for
the calibration, as an empirical calibration would be, because
the form of our calibration function is based on the results
from a statistical simulation of neutron transport, fully based
on physical principles (Desilets et al., 2010; A1). Therefore,
this equation should allow also evaluating soil moisture for a
broad range of sensible soil moisture values. However, there
is a mathematical limitation for NR when it approaches a1,
but this is not to be expected to occur, at least for our ﬁeld site
(cf. Fig. 6). However, the calibration function type, derived
by Desilets et al. (2010), might depend on some sensor char-
acteristics such as its geometry, He-3 gas pressure, modera-
tor material surrounding the neutron counter, etc., since all
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Figure  6.  Calibration  of  the  CRS-1000:  (Left)  Calibrated  function  of  soil  moisture  2 
estimation  by  ground  albedo  neutrons  (Eq.  1)  and  (Right)  correlation  between  soil  3 
moisture measured by CRS-1000 and measured by MR2 probes, where each data point  4 
represents the mean value of each calibration period.  5 
Fig. 6. Calibration of the CRS-1000: (left) calibrated function of soil moisture estimation by ground albedo neutrons (Eq. 1) and (right)
correlation between soil moisture measured by CRS-1000 and measured by MR2 probes, where each data point represents the mean value
of each calibration period.  
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Figure 7. Soil moisture inferred by GANS method plotted for a period of cropped field  2 
condition. Upper graph: hourly precipitation time series data measured in ATB weather  3 
station. Lower graph: soil moisture time series data measured by MR2 probes (spatial  4 
mean hourly value in green and one standard deviation in black band) and CRS-1000 (1- 5 
hr estimations and 6-hr moving average in gray and red colors, respectively). The three  6 
periods used for calibration of CRS-1000 are shown between vertical dashed lines.  7 
Fig. 7. Soil moisture inferred by the GANS method plotted for a period of cropped ﬁeld condition. Upper graph: hourly precipitation time
series data measured in ATB weather station. Lower graph: soil moisture time series data measured by MR2 probes (spatial mean hourly
value in green and one standard deviation in black band) and CRS-1000 (1-h estimations and 6-h moving average in gray and red colors,
respectively). The three periods used for calibration of CRS-1000 are shown between vertical dashed lines.
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this information was included in the neutron transport simu-
lations performed by these authors. Therefore, Eq. (1) might
be restricted to similar counter speciﬁcs.
The values of ﬁtting parameters derived for our ﬁeld
site did not coincide with values reported by Desilets et
al. (2010). They reported values of 0.0808, 0.372 and 0.115
for the ﬁtting parameters a0, a1 and a2, respectively. These
values were derived by neutron ﬂux simulations for a generic
pure silica soil matrix (SiO2) and successfully applied for
measurements at a location in Lewis Springs, Arizona, USA
(31.562◦ N 110.140◦ W, WGS84, 1233ma.s.l.). For the ﬁt-
ting parameters a0 and a1 identical values cannot be ex-
pected, just because of the dependence on the reference dry
condition used for normalization (see above). For the third
ﬁtting parameter, a2, offsetting the minimum soil moisture, a
dependence on site soil conditions or detector characteristics
would not be surprising.
Thus, the mathematical relation between counting rates of
ground albedo neutrons and soil moisture seems applicable,
as supported by the good ﬁt of data measured at our ﬁeld
site. Moreover, it seems possible to calibrate at a speciﬁc
site using independent soil moisture measurements from at
least three short time periods. The calibrated parameters can
be applied also for soil moisture observations at other times
and possibly at similar locations (e.g. at the same hillslope
or small catchment with similar soil and land use character-
istics), if the same counter type is used. However, transfer-
ability of calibration parameters to other locations is still an
open question to be evaluated in further investigations.
In the following we report how we tested the CRS-1000
soil moisture measurements during the complete observa-
tion period in summer, and also during a winter period with
snow cover. In both periods, parameters calibrated were not
changed anymore.
3.3 Test period during summer
Applying these ﬁtting parameters, soil moisture values de-
rived from hourly ground albedo neutron counts are shown
in Fig. 7. A good agreement was observed between time
series of soil moisture data by CRS-1000 and mean soil
moisture from the MR2s located in the CRS-1000 footprint.
Furthermore, the temporal patterns of soil moisture inferred
from MR2s and CRS-1000 are similar, despite their differ-
ent measurement volumes. Mainly, the GANS-derived soil
moisture pattern was inside a range of one standard devia-
tion of MR2s, except in two periods: (i) between 2 Septem-
ber 2011 00:00LT and 2 September 2011 14:00LT, and (ii)
between 9 September 2011 11:30LT and 11 September 2011
11:30LT. Values in this ﬁrst period fall into a range of two
standard deviations of MR2 average mean values. However,
during the second period there was a clear overestimation of
soil moisture by CRS-1000 compared to MR2 values, longer
and more than to be expected by statistical deviations. The
reason for this probably is not a measurement error of the
MR2, but from the CRS-1000. However, an easy explana-
tion could not be found and requires further research. After
this period, the soil moisture measurements of CRS-1000 de-
creased again to the level of the MR2 values and responded
properly to precipitation events.
Overall, the RMSE between hourly soil moisture values
by CRS-1000 and spatial mean hourly values of soil moisture
from MR2s was 0.039m3 m−3 for the complete cropped ﬁeld
period. This RMSE is similar to the accuracy (cf. Sect. 2.2)
of CRS-1000 (0.033) expected from a mean counting rate of
918 ground albedo neutrons per hour.
Furthermore, the GANS method responded well and
quickly to precipitation events, as neutron counting rates de-
creased during precipitation events and stayed lower after-
wards; thus GANS-derived soil moisture values increased for
those periods as they should (e.g. after events 29 Septem-
ber 2010 and 4 September 2010). However, when CRS-
1000 data were smoothed with a six-hour moving average,
to compensate for the statistical variability of neutron count-
ing rates, fast changes of soil moisture may not be reﬂected
perfectly. For example, the CRS-1000 estimations resulted
in an increase of soil moisture a few hours (∼6–7h) before
precipitationactually occurred(e.g. events8 September 2010
06:00LT with 0.9mm and 12 September 2010 23:00LT with
0.3mm).
3.4 Test period during winter with periods of
snow cover
After harvest of corn, the CRS-1000s were operated at the
ﬁeld site again by end of November 2010. The CRS-1000
data retrieved were used for assessing the difference to the
cropped ﬁeld of the summer period and to test for the im-
pact of snow cover. Values in different depths during the
winter period were similar and for a consistent interpretation
between summer and winter campaign we used only values
of 5cm depth (Fig. 8). This winter had an early cold period
with snow fall. Classical soil moisture sensors, MR2 probes,
could not provide a true measurement of the total soil mois-
ture during parts of the winter period with freezing condi-
tions. Since the classical devices used in this study actually
measure the bulk dielectric constant of the soil surrounding
the probe, a decrease of MR2 signal under freezing condi-
tions could be expected. The soil’s bulk dielectric constant
is dominated by the dielectric constant of the liquid water
(81 at 20 ◦C), as the dielectric constants of other soil con-
stituents are much smaller; e.g. soil minerals range between
3 and 5, frozen water is about 4, and air is about 1 (Jones et
al., 2002). Therefore, a change of states from unfrozen soil
moisturetofrozensoilmoisturecausessigniﬁcantchangesof
soil’s bulk dielectric constant. Moreover, we observed that
when air temperature (measured in CRS-1000) falls below
0 ◦C, electrical output of MR2s sharply decreased, and then
for negative air temperatures stayed below the usual range of
200 to 850mV, observed under cropped and bare conditions.
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Figure 8. Total volumetric water content (soil moisture and snow water) measurement by  2 
GANS method during the winter period. Two upper graphs: hourly precipitation (mm) in  3 
ATB weather station and daily snow cover in PIK weather station. Lower graph: soil  4 
moisture time series data measured by MR2 probes (spatial mean hourly value in green  5 
and its standard deviation in black band) and CRS-1000 estimations (1-hr estimations and  6 
6-hr moving average in gray and red colors, respectively). Periods where MR2 did not  7 
work properly due to low soil temperature conditions, are shown between vertical dashed  8 
lines.  9 
Fig. 8. Total volumetric water content (soil moisture and snow water) measurement by GANS method during the winter period. Two upper
graphs: hourly precipitation (mm) in ATB weather station and daily snow cover in PIK weather station. Lower graph: soil moisture time
series data measured by MR2 probes (spatial mean hourly value in green and its standard deviation in black band) and CRS-1000 estimations
(1-h estimations and 6-h moving average in gray and red colors, respectively). Periods where MR2 did not work properly due to low soil
temperature conditions, are shown between vertical dashed lines.
Overall, we found quite good correlation between air temper-
ature and functionality of MR2 probes (not shown) in order
to identify periods where MR2s data could be used. Thus,
these periods when MR2 probes were not giving real soil
moisture values are marked with an arrow between vertical
dashed lines in Fig. 8. In the intermediate periods of varying
length the MR2 data seem to reﬂect realistic soil moisture
conditions, except a period of one week in the beginning of
March showing strong ﬂuctuations.
In this winter period the CRS-1000 calibration via Eq. (1)
with soil moisture data from cropped-ﬁeld conditions was
applied without modiﬁcations. Therefore, the CRS-1000 de-
rived data could be tested for these bare ﬁeld conditions, in-
cluding periods with and without snow cover. During periods
of bare soil without snow cover, soil moisture by CRS-1000
reproduced well the values observed in the ﬁeld (Fig. 8), as
long as the MR2s were able to provide correct data, e.g. mid
and end of March. In cold periods without snow cover the
GANS method gave plausible values, opposed to the MR2,
e.g. for the period end of January to the ﬁrst days of Febru-
ary. It also showed an increased response to precipitation
(not resulting in snow cover). Moreover, CRS-1000 mea-
surements of soil moisture were unaffected by sharp drops of
air temperature.
Because the MR2s did not properly estimate soil mois-
ture under low temperatures, estimations of CRS-1000 were
also validated with results from a ﬁfth soil sampling cam-
paign (Table 2). In this campaign, mean soil moisture was
0.238m3 m−3with a standard deviation of 0.014m3 m−3.
This is comparable to the areal mean soil moisture of
0.22m3 m−3 estimated by means of the GANS method (av-
eraged over the time interval required for the sampling cam-
paign).
In the period when bare soil was covered with snow, neu-
tron counting rates were signiﬁcantly lower, thus Eq. (1) pre-
dicted higher values of θ. Such soil moisture values inferred
by GANS method have to be seen as a measurement of the
water mass stored in and on the soil in the footprint of the
CRS-1000. Nominal soil moisture values derived for these
periods exceed porosity values of loamy sand (0.38) in the
ﬁeld. This over-estimation of soil moisture reﬂects the ad-
ditional moderation of hydrogen mass in snow, as has to be
expected (Kodama et al., 1979), and requests a different in-
terpretation of these nominal soil moisture values.
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Fig. 9. Normalized daily neutron counting rate (NR) versus daily
snow cover in PIK weather station (Telegrafenberg-Potsdam, Ger-
many).
Normalized neutron counting rates and snow cover data,
both as a daily average, suggest that these two could well be
related with the calibration curve based on Eq. (1) as shown
in Fig. 9. This is in agreement with previous studies of Ko-
dama et al. (1979) and Kodama (1984). In Bornim, lower
values of NR were measured for higher snow cover. Max-
imum and minimum daily snow covers of 41cm and 8cm
corresponded to NR values of 0.47 and 0.80 (daily integra-
tion), respectively.
The presence of snow modiﬁes the energies of the neu-
trons detected, as can be seen clearly in Fig. 3. However, we
have not applied a procedure to distinguish between snow
moderated and non-snow moderated neutrons, though this
could be aimed for in principle. Instead, we take this shift
as indication of the impact of snow and otherwise limit our
interpretation to nominal soil moisture, which represents the
combination of real soil moisture (possibly frozen) and snow
watermassequivalentonthesoilsurface, asdiscussedabove.
When snow started to melt neutron counting rates in-
creased resulting in a steep drop of (nominal) soil moisture
until 10 January 2011, when there was no more snow cover
on the ﬁeld. NR values were higher again (0.72) and there-
fore measurements by CRS-1000 corresponded again to soil
moisture measurements by MR2.
4 Summary and conclusions
The work presented has tested the novel cosmic-ray neutron
sensing methodology, especially in a new geographical con-
text that may allow for the application of the method in inves-
tigations of local soil water balance and catchment hydrol-
ogy. Furthermore, an application procedure was explored
thatnowcouldbeadoptedbyothersrelativelyeasilyformea-
suring integral soil moisture at intermediate spatial scales.
An operational procedure suggested for application of in-
tegral soil moisture measurements on farmland via sensing of
ground albedo neutrons, similar to the one used, in summary
is:
1. selection of ﬁeld site location with a 100–300m radius
withrelativelyhomogeneoussoil, vegetation, andrelief;
2. installation of a (commercially available) neutron
counter, such as a CRS-1000, on a pole with a height of
around 1.5m, best with a moderated and a bare counter,
data logger, solar panel, air humidity and temperature
measurement and possibly remote data transfer;
3. monitoring site speciﬁc soil moisture data in periods of
a few days covering at least one dry period and three
periods varying between medium wet to wet conditions;
use these data for calibration of ground albedo neutron
values on the basis of Eq. (1) by adapting the three ﬁt-
ting parameters after correcting neutron counting rates
for air pressure variations;
4. derivation of integral soil moisture values on hourly ba-
sis, with possible subsequent accumulation or smooth-
ing;
5. observation of snow cover or at least checking the rela-
tive difference of counts in moderated and bare counters
for Nf values shifted to values outside the bare-ﬁeld val-
ues; possibly use a relation as shown in Fig. 9 to identify
count rates inﬂuenced by snow cover, if distinguishing
between snow and soil water is desired.
Results show that the cosmic-ray neutron method, more pre-
cisely ground albedo neutron sensing (GANS), can be suc-
cessfully applied also for agricultural ﬁelds, even at low al-
titudes where neutron counting rates are lower than in high-
lands. This inherent disadvantage of lowland applications
limits the temporal resolution and implies that an integration
period of several hours, or an equivalent smoothing window,
are needed to obtain results without too much statistical vari-
ability.
Times series of precipitation in comparison with GANS
soil moisture values show overall an excellent response of
the GANS method to these hydrological events, also smaller
precipitation amounts. These observations are in agreement
with Kodama’s measurements (1985). The GANS-derived
soil moisture values are consistent with other measurements
in the ﬁrst 10cm of topsoil, but shall also reﬂect water some-
what deeper than that. There may be short periods of a few
days, whensoilmoisturederivedviaGANSexhibitasystem-
atic deviation, e.g. observed once in this study between 9 and
11 September 2010, with a shift towards higher values of soil
moisture by about 0.05m3 m−3. Such shifts might be caused
by small changes in incoming primary cosmic ray intensity,
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local air pressure differences or heavy cloud cover. However,
this will have to be investigated further. Furthermore, inves-
tigations will be needed to specify the real extension of the
horizontal footprint for different conditions, e.g. vegetation
or topography, as well as how actual soil moisture distribu-
tion with depth affects the GANS count rates and vertical
albedo neutrons’ penetration depth.
Another aspect is the inﬂuence of hydrogen stored in other
forms besides soil moisture such as water in soil materials
or plant roots, carbohydrates, aboveground biomass water or
snow. There may be an inﬂuence of bound water and carbo-
hydrates in soil which may impact the values of ﬁtting pa-
rameters; however, these will not cause a systematic devia-
tion of calibrated soil moisture values. Also, aboveground
crop biomass seems not to lead to signiﬁcant changes in
GANS-derived soil moisture values and therefore, biomass
of agricultural crops does not necessarily need to be ac-
counted for explicitly in applications of the ground albedo
neutron sensing method. However, other vegetation cover,
for example trees, probably may have more substantial im-
pact on neutron counting rates and therefore, derived soil
moisture values.
Snow cover of the soil has a major inﬂuence on neutron
counting rates, shifting the nominal soil moisture values eas-
ily to more than double or even triple of the real soil mois-
ture values. Since there is good inverse relation with snow
height and additionally a shift towards relatively more counts
in the bare than the moderated CRS-1000 counter, it could
be possible to subtract the snow water mass contribution or
even use it to estimate snow height (or snow water equiva-
lent). Moreover, the CRS-1000 was giving reliable values of
soil moisture also for periods of freezing conditions without
snow cover, opposed to the measurements with MR2 fail-
ing in these periods. The use of this methodology to detect
snow condition is promising, however further investigation is
needed to evaluate a possible quantiﬁcation procedure.
Overall, this study suggests that the GANS methodology,
based on aboveground neutron counting, can successfully be
applied at agricultural ﬁelds, also in lowlands, provided that
similar or higher counting rate levels can be recorded. Nev-
ertheless, methodological improvements will be required. In
general, the GANS method has the potential to become a
worthwhile and not too expensive extension of soil hydrolog-
ical measurement methods. It lends itself to extended moni-
toring as well as shorter-period observations due to the rela-
tively simple installation and mobility. This data could be a
valuable input for the observation of hydrological water bal-
ances and especially the hydrological modeling of small to
medium catchments.
Appendix A
Transformation of calibration function
This appendix provides a transformation approach to adapt
the calibration function with already ﬁtted parameters to
other reference conditions, e.g. drier ones, than those used
so far for normalizing neutron count rates. This can be done
a posteriori at any time, and without changes to the evaluated
soil moisture values, provided that the calibration function is
transformed as described in the following.
Count rates for normalization are preferably taken from
a period with relatively dry conditions, and corresponding
count rates and atmospheric pressure are named Ndry raw and
Pdry, respectively. When a count rate for a different period
shall be used for normalization (N0
dry raw) it goes along with
a different local atmospheric pressure (P0
dry) during that pe-
riod. The calibration function, Eq. (1), can be transformed
and updated to the use of counting rates with new normal-
ization. For the transformation procedure, two factors α and
γ for neutron count rates (Eq. A1) and atmospheric pressure
(Eq. A2), respectively, are deﬁned as follows:
N0
dry raw =α·Ndry raw (A1)
P0
dry =γ ·Pdry (A2)
Localcorrectionsofneutroncountratesbyatmosphericpres-
sure is applied as described in Eq. (2)
N0
dry =N0
dry raw·eβ(Pdry−Pmean) (A3)
Inserting Eq. (A1) in Eq. (A3) gives
N0
dry =α·Ndry raw·e
β

P0
dry−Pmean

Re-arranging the exponential term yields
N0
dry =α·Ndry raw·eβ(Pdry−Pmean)·e
β

P0
dry−Pdry

(A4)
SinceNdry =Ndry raw ·eβ(Pdry−Pmean), Eq.(A4)canbewritten
as
N0
dry =α·Ndry·e
β

P0
dry−Pdry

(A5)
Equation (A5) speciﬁes how old and new normalized count-
ing rates are related, where α and e
β

P0
dry−Pdry

are constants.
Then, if Eq. (A2) is inserted in Eq. (A5) and constants are
re-grouped, we get
N0
dry =

α·eβ(γ·Pdry−Pdry)

·Ndry =

α·eβ·Pdry(γ−1)

·Ndry (A6)
Because of parameters inside the parenthesis are all con-
stants, the expression in the parenthesis can be named by
another constant λ yielding the following relation
N0
dry =λ·Ndry (A7)
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In the calibration function, Eq. (1), relative neutron count
rates are used, and the ones used so far can now be related to
neutron count rates normalized via the new reference condi-
tions as follows:
NR =
N
Ndry
=λ
N
N0
dry
(A8)
Replacing this term in the calibrated function Eq. (1) by
Eq. (A8) gives
ρwat/ρb θ(N)=
a0
N
Ndry −a1
−a2 =
a0
λ N
N0
dry
−a1
−a2 (A9)
Finally, simplifying Eq. (A9) to
ρwat/ρb θ =
a0/λ
N
N0
dry
− a1
λ
−a2 =
a0/λ
N0
R− a1
λ
−a2 (A10)
This demonstrates that this calibration function of a GANS
probe may be adjusted during on-going measurements or
even retrospectively, if besides using the differently normal-
ized neutron counting rates the parameters a0 and a1 in the
calibration function are divided by the constant λ.
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